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PREFACE

The Mathematical Physics Branch/Mission Planning and Analysis Division has the
responsibility to provide the functional ground navigation software formulation
requirements for the Mission Control Center (MCC) low—speed-proce331ng phases
during Operations Project Shuttle (OPS). s

The ground navigation software formulation requirements are logically organized
into volumes. This organization is presented in the accompanying table. The ma-
terial in each volume presents the level C formulation requirements of the
processors and modules required to process low-speed-tracking data and perform
orbit determination and other related navigation computations. Each volume de-
scribes the formulation requirements of the identified processor or module
specified in the OPS MCC Ground Navigation Program Level B Software document
(ref. 1). The inputs and outputs required to accomplish the functions described
are specified. Flow charts defining the sequence of mathematical operations and
display and control processing required to satisfy the described functions are
included in the document where appropriate..

iii
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OPS MCC GROUND NAVIGATION PROGRAM LEVEL C SOFTWARE REQUIREMENTS

Volume I
Volume II
Volume TII
Volume IV
Volume V
Volume VI
Volume VII
Volume VIII
Volume IX
Volume X
Volume XI
Volume XII
Volume XIII

Volume XIV

ORBIT DETERMINATION PROCESSING FORMULATION DOCUMENT

Introduction and Overview

Low-Speed. Input Processor (LSIP)

Bias Correction Processor (BCP)

Data File Control Processor (DFCP)
Orbit Determination Executive (ODE)
Convéfgénce Processor (CP)
Differential Cérréction’Module'(DCM)
Data Editing Processor (DEP)
Covariance Matrix Processor (CMP)
StatekTransition Matrix Module (STMM)
Observation Computation Module (OCM)
Measurement Partial Derivative Module (MPDM)
Residual Computation Processor (RCP)

Display Processor
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ACRONYMS AND ABBREVIATIONS

BB batch-to-batch (DC processing mode)
CMP covariance matrix prodessor

DC differential correction

DCM differential correction module

I/F interface

M50 mean of 1950 coordinate sjstem

SB superbatch (DC proceésing mode)
STMM state transition matrix module

Physical Units

ft international feet

E.r. Earth radii

sec SI seconds (secondfbf atomic time in the international system)
hr hours (3600 sec)

1b pounds (used to denote both pound-force and pound-~mass)

slg slugs (mass unit in ft-lb-sec dynamic system of units)

rad radians
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1.0 CORRELATION TO LEVEL B

This document contains the level C software requirements for the state transi-
tion matrix module (STMM). Functionally, the output of the STMM is that called
for in the level B requirements (ref. 1). The internal structure and methods of
computation, however, have undergone major revision.

2.0 GENERAL DESCRIPTION OF STMM

The STMM computes partlal derivatives of a specified vehicle state (6 dimension
M50 Cartesian state) with respect to a specified anchor state (6 + M dimension
M50 Cartesian vector plus M dynamic parameters). Dynamic parameters are con-
stants that appear in certain perturbing force models and therefore affect the
trajectory. The solution vector in orbit determination is the ordered set of pa-
rameters that are estimated in the differential correction (DC) process. In the
Space Shuttle Ground Navigation Program, this set consists of the M50 Cartesian
state (vehicle position and velocity) at anchor time t o» the dynamic parameters,
and radar observation biases. Since observation blases do not affect the vehicle

trajectory, partial derivatives of the vehicle state with respect to them are
trivial and are not included in the STMM computations.

The solution vector order in this application is as follows.

a. Xo = M50 Cartesian state (position and velocity) at epoch to
b. O = ordered set of dynamic parameters. These parameters are limited
to the components (in vehicle body coordinates) of up to three sets of vent
forces and the drag constant multiplier. The defined order of these parame-

ters are:
Qyq = {av1(Xb),av1(Yb),Gv1(Zb)} , components of vent-1 force in
vehicle body cocordinates
ayz = fagp %o 0y To? 0y, %))
oyg = {ay3(Xp) oy (Tp) ays (Zp)}

O0pn = drag multiplier

c. b = ordered set of observation biases. (Precise definition and order of
this not relevant in the STMM.)

The total number of solution vector parameters is limited to 15. The first six
elements, X,, are always present in the solution vector. The remaining ele-
ments (up to nine) are specified from the dynamic parameter and observation bias
subsets; however, the relative order of the solution vector elements remains as
defined above.

The partial derivative matrices computed by the STMM are T(t,t;) = BX/BXO and
P(t,t,) = 0X/0a where X is the vehicle state at time_t. The STMM output is
the composite 6X(6+M) matrix ®(t,t o) = (T(t, 8 |P(t,t.)).
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The partial derivative T = 3X/3Xo may be computed (to a good approximation) in
one step via a mean conic reference orbit defined by the endpoint states (Xo,to)
and (X,t). The partial derivative P = 3X/da is more difficult to obtain, in
that some type of numerical integration must be performed.

In order to compute these partial derivatives in the most efficient manner, the
STMM uses two modes of operation.

a. Mode 1 is used for 6x6 covariance propagation for display, and for construc-
tion: of a priori covariance matrices for DC solutions.

b. Mode 2 is used for propagation*of‘the superbatch (SB) solution covariance to
the SB end-time, and for the computation of measurement partial derivatives
in DC cases.

Mode 2 operates*in,response:to*caIISVfPOm the Differential Correction Module
(DCM) and the: Convergence Processor (CP).  Mode 1 operates in response to calls
from the Covariance Matrix Processor (CMP).

The STMM is composed of two major sections.

a. Mean conic states partial derivative (mode 1).- This function is called with
two 6-element Cartesian state vectors and their epochs Xp,ty and XB,tB.
It computes the Cartesian state transition matrix T(B,A) = X/p/Xy <n one
step using a mean conic reference orbit defined by the the two input states.
This function is exercised by the state transition integrator, described
below, when the STMM operates in mode 2.

b. State transition integrator (mode 2).- In mode 2 the STMM output may contain
current state partial derivatives with respect to each of the dynamic parame-
ters (vent forces and drag multiplier) in the solution vector. These deriva-
tives require numerical integration of some form of the state variational
equations. The state transition integrator provides a simple numerical inte-
gration technique for evaluating these derivatives.

In this mode the STMM inputs are the parameters required to initialize the
integration. The initial and final states for the integration step consists
of a 6 x 6 + M matrix of partial derivatives (T(t,to)iP(t,to)) where

T = 3X/3X, and P = 3X/30,, with @ = (@4 ' QGpy) representing the ordered set
of M dynamic parameters in the solution vector.

This output is generated by the state transition integrator, which computes

T(t,ty) in a stepwise fashion using the multiplicative property of the
Cartesian state transition matrix.

3.0 DETAILED FUNCTIONAL REQUIREMENTS FOR THE STMM

The STMM utilizes two modes of operation to satisfy various user requirements
for state transition matrices. The requirements for these modes are given in
sections 3.1 and 3.2.
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3.1 MODE 1: MEAN CONIC STATE PARTIAL DERIVATIVES

The inputs to the STMM in this mode are two M50 Cartesian states and their
epochs, X,t and X,,t,. The output is the 6x6 state transition matrix

T(t,t.) = BX/BXO, which is computed in one step via a mean conic reference orbit
defined from the two endpoint states. This mode is utilized by the CMP for sev-
eral of its applications. It also serves as a subfunction for the DC mode (sec.
3.2) of the STMM.

The computational requirements (refs. 4 and 5) for obtaining T(t,t,) are identi-
cal to those in the OFT Ground Navigation Program, with the computation of 9X/du
removed (M = Earth gravitational parameter). Computational requirements are
given here for completeness, but this does not imply that the verified coding in
the OFT program should be altered (except for the deletion of 9X/du).

In the following computational requirements, the input states are used in

the form X = {R,R} , X, = {RO,RO}.

R,R,t . M50 cartesian state at time t

Inputs:
R

t M50 cartesian state at time t

R o'’o

O’

Constants: W = Earth gravitational parameter

-

V2 = é'é ; Ve = éo‘éo

o
D = R'R ; Do = Ro'éo (Note: Dimension R, ﬁ, Ry and ﬁo are 3x1.)
(1)
o =1/2[€E-v2-+38..v2]
r ro °
¥ =

o 1
- (otg) + = (D-D)

X2 = aWz (Note: X2 is just the ngme of a parameter} there will
be no ¥. Compute as ¥° = (a¥) Y.)
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re X2l > Xz = asy X2

2] > X2 _ 1/ X2
If |X1| 1 £ = 1/ X

Continue until lxil f_ 1 (2)

» FEECEL R

C5(m) =
2\ .2 2\.2
* Xmﬁxm } X ijl
17*16/15*1u/13*1a/11*1 9%8/7%6
c = /41 1-{1-l1-l1- ===\t - ——
u(m) / ; ‘ 20*19 18*17
2\ .2\ 27
%) %) \)\]
16%15/15%13/12%11/ 10%9/ 8%7 /6 %5
] 2
Cy(m) = 1/3t = Xy Co(m)
(3)
Co(m) = 1/2¢ - X§~Cu(m)
C1(m) = 1 -'X§>C3(m)
Colm) = -‘Xﬁ Co(m)

If m £ 0, compute
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113

Co(m=1) = 2(cy(m))2-1

Cq(m=1) = Cy(m) Cq(m)

Perform this process a total of m times (decreasing m by one on
each step) (W)

Co = 2(cp(1))2-1

Cq = Co(1) Cq(1)

Co = (1-Co) /%2

C3 = (1-Cq)/x?

Cy = (1/21-C5) /%2 | | (5)
Cg = (1/31 = C3)/x°

Ifm=0,C =C(m ,i=0,...,5 (fromeq. (3))\

Sq = ¥C,

Sp = ¥(¥Cy) (6)
S5 = Y(¥(¥C3))

U = Splt-tg) + WY (Cy - 3C5)

(£-1) = = =Sy 5 £z 14 (£=1)
r.'O




T8FM30:X

2]
i
ot
1
o
o
1
=
t
w

(Note: g = rg S1 + Dy Sp may also be used.) (7

. H . R
(g-1) = - =Sy ; g=1+ (g-1)
r

R k R ﬁ . R [1 3 0]: (8)
= - ; 3 RS, s I =10 1 O}
o} o v 13 :
r3 r3 0 0 1]
O
R £S5 (g-1) S .
— T = eprp—— e . - —- i ds4
2 o
(f-1)51 . T ..T
b r———— RR°V+ (f-1) SZ RRO
re ‘ g

+

T
U RRy + f I3

oR . T . .T . T
-—_ = - sz RR‘O - (8-1) SZ RRO + (f-‘f) 32 RRO
BRO
..T '
+ (g52 - ) RRO + g I3 (9)
3R . [G 1 1 T
R o 4w 4 |  RR,
BRO rrg 2 2
o
£51  (g-1| _.T
- R — RR,

r
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. .. T - =T s
fS, RRy + U R Ry + f I3

+
3R £s, o1 T
— L wm [—— + (g ) RRO
. r 2
R, r
(g-1)8
1 ool T
-— 3Ro + f S, RRO
. ..T U
+ (8—1) SZ RRO - U RRO + g I3

Assemble the 6x6 state transition Matrix for return to user.

3R/ 3R, 3R/ 3R,

T(t,ty) = (10)

3R/3R, 3R/R,,

Users of this function: CMP (also used by STMM as a subfunction)

Inputs ' OQutputs
X,t,xo,to , T(t,to)
Interfaces:
I/F function Inputs to I/F Outputs from I/F
System parameters - M
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3.2 MODE 2: STATE TRANSITION INTEGRATOR
This mode of the STMM is exercised by the DCM for cases in which state partial

derivatives with respect to dynamic parameters may be required.  The method of

computation given here (stepwise computation of aX/axo coupled with a simple nu-
merical integration for JX/3q) is described in references 2 and 3

3.2.1 Computation of State Transition Matrix

The DCM will request a state transition matrix ¢(t,ty) = (T(t,t o) |P(t,t4))

at a specified output time t. In order to effect thls computatlon the DCM
will provide sufficient information to initialize the STMM at an initial time

t;. The STMM then updates the initial matrix ¢(t;,t;) (in one computational
step) to time t, and returns the output matrix ¢ t t ) to the DCM. No vehi-
cle ephemeris is required by the STMM for this computatlon The computation pro-
cedure is as follows.

Inputs

a. X,t = M50 state and epoch at output time

b. Xp,t; = Initial M50 state and epoch

c. ¢t ,t)) = [T(tL,to)lP(tL,to)), state transition matrix at initial time t

d. Solution vector content Idéntifies which dynamic parameters are present in
the DC solution (let M = total number of dynamic parameters)

e. VNI; = Flag(s) that specify whether J-th vent is ON or OFF (if vents
are 1ncluded in solution)

VNT; = ON means J-th vent is ON (or t; is the ON time)
WT; = (FF means J-th vent is OFF (or t; is the OFF time)
f. Link ID

g. Integrator force options (for determination of drag’model)
The computational steps are as follows. .
a. Compute T(t, tL) with mean conic state partial derivative function of sec-
tion 3.1
T(t,t;) Compute per section 3.1

b. Compute 6x6 cartesian state transition matrix.

T(t,to) = T(tytL) T(tL’tO)
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c. Compute the 3xM dynamic parameter partial derivative matrices via the proce-
dure of section 3.2.2.

— , —— Compute per section 3.2.2.
BOLL a0t

d. Compute the 6xM matrix P(t,t;) using the trapezoid rule.

. ' 0 0

t-tp, 3xM xM

P(t,t,) = s | TC6 ) | |+ [
2 9 /30y, dA, /day,

e. Compute P(t,t;) from
P(t,t,) = T(t,t;) P(ty,to) + P(t,tp)

f. The output of the 6 x (6 + M) state transition matrix is

o(t,to) = (T(t,ty)|P(t,t,))

(Note: Appendix A gives a brief outline of the rationale for the compu-
tations of this section.)

3.2.2 Computation of Acceleration Partial Derivatives

The computation of the state transition matrix (sec. 3.2.1) requires accelera-
tion partial derivative matrices 9JA/3a at the two endpoints of the current com-
putation step. The procedure for obtaining these matrices is as follows.

a. Vent partial derivatives.- The procedure for computing the 3x3 partial deriva-
tive matrices 0dA/dayy for each vent is as follows. For J-th vent

If WT; = OFF: 8A/3oyg = (0)3x3
If VNT; = ON: Compute 3A/3ayy as follows:

From vehicle weight table, obtain
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W(t) Vehicle mass at time t
From vehicle attitude table, obtain
B(t) = Transformation (3x3) from body to M50 at t

From system parameters obtain

1b E.r./hr?
(GVENT) = Conversion factor -—-.,E___..
slg f‘t/sec2

(Typical value is 19.926L496203518)

dA (GVENT)
BOLVJ B W(t)

B(t)

This computation (for each vent) is performed for the two times t;, and t
required in section 3.2.1.

Drag partial derivatives.- The procedure for computing the 3x1 partial deriv-
ative matrix BA/BaD for the drag multiplier is as follows.

Compute the value of the ballistic coefficient

Kp Cp Sy &
B(t) =
2 W(t)
Kp = Link dependent vaiue of drag multiplier

(1ink dependent parameter)

Cp = Nominal value of drag constant
(system parameter)

Reference area of vehicle (f‘t)2

%z
=1
i

Standard gravity (1b/slg)
(system parameter: typical value is 32.174048556)

5]
o
i

W(t) = Vehicle mass (1b)

10
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Assemble inputs required to exercise density module

x,y,2z)T, vehicle position (M50) at desired time t.

(SUN) = Solar position vector (M50) at time t obtained from solar
ephemeris

oL TR 2

From density module, obtain atmospheric density of vehicle at time ¢t

p(t) = Atmospheric density (slg/ft3)

Compute Earth spin vector in M50 coordinates
N 0
wg = ()T Jo

WE

(RNP) = Transformation (3x3) from M50 to TEI (see volume XIV of these re-
quirements for definition)

wg = Earth rate (rad/hr)
(system parameter)

-
From vehicle position and velocity (¥, ¥, in M50 at time t), compute V,,
the velocity relative to the atmosphere

>
VA=V-U)EXP

>
Vy = |Vy

H

Compute drag acceleration
-+ >
AD = - B(t) p(t)‘VA_VA
-
Note that A is in mixed units, but that the partial derivative

computed in the next step will result in the proper internal units.

Compute drag partial derivative matrix

1
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?f_ - A *(FEET)

aop

(FEET) = System parameter in units of ft/E. R
(typical value is 20.92573819 x 100 )

Construct the 3xM partial derivative matrix (34/3a) for time t.

34 oA
Append the vent matrices and the drag matrix —— in solution
davJ d0.D

vector order.

Example - If the solution vector content identifies vent 1, vent 2, and
drag as the dynamic parameters in the solution

oa  [oa '!8A '!SA
B | By, 1 By, 1 Bay

12
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I/F function

Vehicle weight table
Vehicle attitude table
Vehicle profiles
Coefficient of drag
Variable drag constants
Solar ephemeris

Density module

Systems parameters

Input to function

t
t

t, drag option

Sy ot
=¥

, (SUN), t

’

Qutput from function

W(t)
B(t)

Cp(t), Sy, Kp

R(suN)
p(t)
u, (GVENT),g_,(RNP),

13
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4.0 INPUTS

Mode 1: (user is CMP).
X,t = M50 state and epoch at desired output time
Xo:to = M50 stéte and epoch at initial time

Mode 2: (user is DCM or CP)
X,t = M50 state and epoch at output time -
Xp,,t;, = Initial M50 state and epoch

d(tL,to) = (T(tp,to)|P(tr,ts)), state transition matrix at initial
time ¢, :

Solution vector content = Identifies whiech dynamic parameters are pres-
ent in the DC solution (let M = total number dynamic parameters)

UNT; = Flag(s) that specify if J-th vent is ON or OFF (if vents are
included in solution)

UNT; = ON means J-th vent is ON (or tj is the ON time)

UNT; = OFF means J-th vent is OFF (or ¢t is the OFF time)

Link ID

Integrator force options (for determination of drag model)

5.0 OUTPUTS
Mode 1: (user is CMP).

T(t,ty) = State transition matrix (6x6) from t, to t.
Mode 2: (user is DCM or CP)

o(t,t0) = (T(t,to)‘P(t,to)), state transition matrix, 6 x (6 + M),
from t, to t.

L
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6.0 CONSTRAINTS

A1l numerical computations in the STMM are in double precision.
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APPENDIX A

STATE TRANSITION QUADRATURE APPROXIMATION
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APPENDIX A
STATE TRANSITION QUADRATURE APPROXIMATION
This appendix gives a brief discussion of the methods presented in references 3
and 4 that are used in the state transition integrator (sec. 3.2).
Let X represent the six-dimensional state of cartesian position and velocity

elements of a material body that is subject to known noncentral-body forces.
The equations of motion of this body have the general form

dX .
= = XXX, ,0,8),0,t)

X, = Initial conditions at time tg

0, = Multiple of dynamic parameters that determine the magnitude of
noncentral-body forces acting on the body
t = Time (independent variable)

The differential equation for the partial derivatives 3X/3X, has the form

d [\ & X an
dt \aX,/  8X  oX,

The differential equation for the partial derivative of X with respect to the
dynamic parameter «o has the following form (use chain rule for partial
derivatives).

d [3xX 3X X 3X
(= == I a (42)
dt  \do 'ty X  da ty oo t

d

—| +a and X, considered independent (X, fixed)

a0, ty

d

5—|t+ o and X considered independent (X fixed)

o
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In the physical problems of interest, the solutions to equation (A1) and equation
(A2) have the transitive properties

axX
3% 39X 1
X X ] (43)
9X, 98Xy 3X,
39X ax 9%y 3%
—| =] o+ (a%)
oo t'O 3X1 do tO oo t»]

Comparison of equation (A1) and equation (A2) shows that equation (A1) is
related to the homogeneous form of equation (A2). This suggests that a variation
of parameters method might be used to obtain a solution to equation (A2).

Assume equation (A2) has a solution of the form

o X oawy ; alty) =0
e ; T 18 H o =
da'ty A%, |

where Q 1is the matrix of parametérs to be determined. Substitution of
this equation in equation (A2) and using equation (A1) gives

ax . 9%

—Q = ]

aXy da: t

t X, ax

(o} 1
t = EISNSORp R F dt,
Qct) [to el

By using equation (A3), the solution to equation (A2) is expressed by the
quadrature

t .
X ax 9%4
—] .-.[ — —|  dt, (85)
o0 tO tO 3}(1 a0 t-]

A-4
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Note the following properties of the integrand in equation (A5):
a. If the perturbing forces (noncentral-body forces) are small, a good approxi-

mation for 3X/3X1 may be computed from a mean conic reference defined by
the known endpoint conditions, X, t and Xq, tq (ref. 4 and5).

3X1
b. The term -—-I has the form
30 "ty
3xX, 0

-

20 ty 3A1|

oa t1

)

0 = 3xM zero matrix

A, = Vehicle acceleration at time t,

This term is known since the models for the perturbing forces are known.

A stepwise numerical quadrature for equation (A5) may be devised as follows. Let

t, and t,_ ¢ be the endpoint times in equation (A5). Trapezoid integration
yields
tn
axnl / 3IX(ty) 5%t st
CIUR tp_q 9X(t') da tt
ty - tpo1 [axn axn_Tl 39X, ] 46)
= + m—
2 3 X,_q 00 tho1 00t
Equations (A3) and (Ad) are used to express
oX aX 9X
n n Nne-1
—_ = (A7)
BXO 8Xn_1 Xy

A-5
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axn| 9K, 9X,_q Xy
o 't, 9%, o ‘tc 3ol It’n_1 w

The initial values: at, t, for these: computations: are

X

o
e = I , 6x%6 unit matrix
X
o
X, R
—| =0, 6xM zero matrix
da ty,

Equations (A6), (AT), and (A8) are recognized as the key equations used in sec-
tion 3.2 of this document.

A-6
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FLOW CHARTS FOR STMM MECHANIZATION
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APPENDIX B

FLOW CHARTS AND INTERFACE TABLES

BI. FLOW CHARTS FOR STMM MECHANIZATION

The flow charts contained in this appendix present a particular mechanization of
the functional requirements given in the text. They are included only as an aid
to assist in the understanding of the functional requirements. This does not
imply that the mechanization shown is the most efficient for the real-time pro-
gram.

B2, INTERFACE TABLES

Interface tables for the STMM are also contained in this appendix.

The following are additional notes.

B3. SUPPLEMENTAL NOTES

a. Inputs to STMM come from DCM or CP and the output from STMM is the state
transition matrix 7. Maximum dimension possible is 6 by 15.

b. The BODATT routine is defined in the level B and C requirements for the
free-flight predictor and requires an input altitude table that is formed by
a preprocessor for time points throughout the integration interval. The
output is the matrix transformation from body coordinates to M50 coordinates
at each integration time point.

¢. Inputs to TMATRIX are from DCM or CP via STMM, They are as follows:

(1) T¢BS : Time of observation, t
(2) TLAST: Initial M50 epoch

(3) VECTL: M50 state (initial)at t
(4) VECT : M50 state at output time ¢t

Qutput from TMATRX is the state transition matrix obtained by using mean
conic partial derivative function.

B-3



T8FM30:X

TABLE BI.~ DEFINITION OF VARIABLES USED IN THE FLOW CHART

Notation used in Notation used in Notation used in Notation used in
flow cha},r‘t level C requirements flow chart " level C requirement
AI3 I3 E1,E2,...,E8,E9 Temporary variable
ALPHA o F f
c(6) C5 (m) FDT £
c(5) Cy (m) . G g
GD$T g
c(4) C3(m) PSI ¥
c(3) Cy (m) RDGT R
c(2) Cq(m) RDDGT R
c(1) Co (m) RDDOTO R,
CMU u | S1 54
DO D, V 82 S,
DELROO RRo! | s3 S3
DELRO1 RRo T SR r
DELRO2 RRoT SRO ro
DELRO3 RR,T ST £
DELROY RRo. .. 870 t
DELRO5 R%OT T ’ T(t, o)
DELRO6 RR,T V0SQ Vo2
DRDRO 3R/OR,, VEC X
DRDRDO 9R/AR VECMNI X,
DRDDRO 9R/9R,, VSQ v2
DRDDRD R/ 9R X2 X2
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TABLE BII.- DEFINITIONS OF CONSTANTS AND FLAGS

Notation

BTAB
ChA(I)
CDF(I)
CDN(I)
CDS(I)
N(I)
CMU

DRAG

GVENT

NBIAS

NVNTSL

VSL

RNP

DTAB

IBATT

ISLUDR

Definition

Array of attitude information defined chronologically (ref. 8)

Constants for ATTITUDE-DEPENDENT DRAG model for each
configuration

1 Shuttle payload bay doors closed

I
I 2 Shuttle payload bay doors open

Hon

Gravitational parameter of Earth alone (E.r.3/hr2)

(KCpA) Flag to specify atmospheric drag calculation mode (ref. 8)

Note: The values are derived from the integrator force options.
The values of DRAG are as follow:

>0 Attitude-independent drag (contains the numerical value
of the product of the drag correction factor, the coef-
ficient of drag, and the cross-section area)

=0 No drag
<0 Attitude-dependent drag; tabular input coefficients
required
1b E.r./hr?

Conversion factor
slg f‘t/sec2

Total number of biases in the solution vector

Number of vents in the solution vector, can take values 0, 1, 2 or
3; maximum of three vents is possible (no drag) if NVNTSL = 0,
then no vents are solved

Total number of parameters in the solution vector, maximum can be
15 including the biases, vents, drag and state

RNP matrix is obtained from the system
Vehicle weight and configuration table specified chronologically

Set to {0 if body attitude matrix is not needed
1 if body attitude matrix is to be computed

Set to {O if DRAG-MULTIPLIER is not in solution vector
|1 if DRAG-MULTIPLIER is in solution vector
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TABLE BIT.- DEFINITIONS OF CONSTANTS AND FLAGS - Concluded

Notation Definition

wg Angular rate of rotation of the Earth (E.r./hr)




! ! to

78FM30:X

! DCM {~—-3! STMM ! INTERFACE TABLE"

! !

DCM par-ameter'a STMM parameterb Unit Description

Link ID ~Link ID Flag Identifies DC link

> >

Ry, Vit XLsty Internal M50 state and epoch at

; initialization time

> > .

R,V,t X,t Internal M50 state and epoch at output
time :

Ptr,te) ¢ty te) Internal  State transition matrix that
maps from anchor time (to) to
initialization time (tj)

SVFLGS Solution vector Flag Identifies "solve-for" dynamic

content parameters and biases in the
solution vector.

VNT(J) VNT 5 Flag Specifies whether Jth vent is
ON or OFF for current computa-
tion

Integratbr Identifies drag model

force options

! ! to

! STMM {---~3=| DCM !

! !
: :

INTERFACE TABLE®

STMM parameter

DCM parameter?®

Unit

Description

b (t,t0)

Internal

State transition matrix,
6x(6+M) where M = number dy-
namic parameters, which maps
from anchor time (tg,) to cur-
rent time (t)

%See table I of volume VII.
See section 3.2 of this document.
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! to I ,
! CMP ! =——~m=) STMM
! !

INTERFACE TABLE

o
o o

CMP parametera STMM parameterb Unit < ‘Description

Xgitg Xoito - Internal M50 state and epoch at
input time

Arta X,t Internal M50 state and epoch at
output time

to. ! !
STMM !-—---m=! CMP ! INTERFACE TABLE
! ! v

- - g
- o g

STMM parameter CMP parameter “Unit Description

T(t,t,) T(tp,tg) Internal State transition matrix
‘ (6x6) that maps from input
time (ty = tg) to output
time (t = tp)

83ee section 3.2.3 of volume IX.
See section 3.1 of this document.
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! ' to ! !
I STMM 1! Vehicle i INTERFACE TABLE
! ! ! Characteristics !
! !
Vehicle
Characteristics
STMM parameter? parameter Unit Description
7
t Internal Time for required parameters
Link ID Flag Identifies yehicle
! ! to ! !
! Vehicle lewewp| STMM ! INTERFACE TABLE
! Characteristics ! ! !
! !
Vehicle
Characteristics
parameter STMM parameter® Unit Description
W ' 1b Vehicle mass
B(t) Internal Transformation matrix (3x3)
from vehicle body axes to
M50
(KpCpSa) £t2 Product of Kp = drag multi-

plier, Cp = drag constant,
and Sy = vehicle reference
area

8See section 3.2 of this document.
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! ! to V !

1 STMM {ecwm! Solar ' INTERFACE TABLE

! ! ! Ephemeris !

1 !
Solar
ephemeris C

STMM parameter®  parameter Unit :  Description
t Internal Time at which solar position

is desired

! to ! 1

!
! Solar !----m=! STMM ! INTERFACE TABLE
! Ephemeris ! vt e
! ! T

Solar
ephemeris
parameter STMM parameter? Unit Description

T(SUN) Internal Solar position (M50) at
required time, ¢t

‘83ee section 3.2 of this document.
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! ! to ! !
! STMM !-—--m=! Density ! INTERFACE TABLE
! ! ! Module !
! !
Density
modul e
STMM parameter?® parameter Unit Description
t o Internal Time at which density is
' “required
T Internal Vehicle position (M50) at
time ¢t
;(SUN) Internal Solar position (M50) at

time ¢t

T b ;
! Density !=—--m=! STMM ! INTERFACE TABLE

! module ! ! !
! !
Density
module
parameter STMM parameter? Unit Description
p(t) slg/ft3 Atmospheric density of

vehicle at time ¢

85ee section 3.2 of this document.
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! ! to ! T
! STMM !----m=! RTRANS ! INTERFACE TABLE
! ! ! !

STMM parameter RTRANS parameter Unit Déscription
£ Internal Time for which (RNP) is
desired
T te T
! RTRANS !~-=~-m=! STMM ! INTERFACE TABLE

! ! ! !

RTRANS parameter STMM parameter Unit Description

[RNP} Internal RNP—matrix for desired time

83¢e section 3.2 of this document.
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! ! to ! !
! Systenm ! ——~-m==! STMM { INTERFACE TABLE
! parameter ! ! !
! !
System
parameter STMM par'ametera Unit ‘ Description
U Integer Earth gravitational parameter
8o 1b/slg _.Standard gravity
WE Integer Earth spin rate (mean
sidereal)
1b°E.r./nr?
(GVENT) L Conversion factor
slg-ft/sec
(FEET) ft/E.r. Conversion factor

8See section 3.2 of this document.
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TMATRX

ST, STO -
VECNMI,
VEC CMU

INPUT

ouTPUT

DEFINE DATA STATEMENT TO
INITIALIZE AI3 ASA 3 x 3
IDENTITY MATRIX

DO THRU 1
FOR
1=1,3

R(I) « VEC(I)

f

RDOT(I) « VEC(I + 3)

]

RO(I) « VEC&MI(I)

|

RODOT(I) + VECNMI(I + 3)

Page 1 of '6

Figure 1.- Flowchart to comnute 1%, t.) sanic state partind darivative Tunctier,

B-14



2 .2 - 4
AR AR

[t

COMPUTE r, Pas

SR« (R-R)1/?
(R T 1/2
SRO (Rb RO)

-

VSQ « R+ R

-
o
v
L
4
o],

¢ R

COMPUTE o, ¢ AND X

ALPHA « .5 * (2. * CMU * (1/SR +
1/SR0) - VSQ - V0SQ)

PSI « (ALPHA * (ST - STO) +
(b - DO))/ cMu ,

X2 « ALPHA * PSI * PSI

]

INITIALIZE M AND
STORE X2 IN A

Figure 1.~ Continued.
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- X+ A

COMPUTE C(6), C(5),. . . -

» C(1)

c(6) « (1. - (T, -
X/42) * (17120
C{5) + (1. - (1.

(T = (1. - (1. - (1, - (1.
X/272) * xyzm; * X/156) * X/110) * X/72) *

- X/342) *

= (¥ = (V. - (1. - X/306) *

(1. - (1.
)((/340% *'x7182) * X/ 132) * ¥/90) * X/56) * X/30) *

Cl4) + (1/6) - X * £(6)
C(3) + 0.5 = X * ¢(5)
c(2) « 1.0 - X * ¢(4)
¢(1) + 1.0 - X *¢(3)

/ DO THRU 2
FOR
K=1, M

CL2) « ¢2) * ¢(1)
C(1) « 2% C(1) ** 2 -1

c(3) « {1 - c(N)/X
C(4) « (1 - ¢(2))/x

oot
‘ €(8) « (1 -~ c(3))/%
- c{))/X

cl6) « (1

F'fgure 1.~ Continued.

B-16

REPEAT TOTAL
OF M CYCLES

Page 3 of 6



COMPUTE S1, S2, S3

S1 « ¢(2) * pSI .
S2 « C(33 * PSI ** 2
$3 « C(4) * PSI ** 3

v

COMPUTE U, f, f, g, g, AND ET, E2,..., E9

U« S2* (ST - STO) + CMU *

PSI ** § * (C(5) - 3. *

¢ (6))
F<+ 1., - CMU * S2/SRO
FDOT « - CMU * ST/(SR * SRO)
GDOT « 1. - S2 * CMU/SR
E1 « - (S1 * CMU * S2)/(SRO ** 2)
E2 « - (52 * CMU * S2/SRO)
E3 + FDOT * S1/SRO ~ CMU * S2/(SRO ** 3)
E4 « FDOT * S2
E5 + §2 * CMU * S2/SR
E6+6G*S2-U
E7 « - FDOT * (C(1)/(SR * SRO) +

1/(SR ** 2) + 1/SRO ** 2)

E8 « - FDOT * S1/SR + S2 * CMU/SR ** 3
E9 + ST * S2 * CMU/SR ** 2

DO THRU 3

COMPUTE W AND 'R'O

RDDOTO (K) « - (CMU/SRO ** 3} * RO(K)
RDDOT (K) « ~ (CMU/SR ** 3) * R(K)

Page 4 of 6
Figure 1.~ Continued
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COMPUTE R, RRp, RR(, R, ETC

DELROO < RR(T)

DELROY <« Rf{g

DELROZ <« kRg

DELRO3 « R

DELRO4 < Rg

DELRO5 + 'rét'zg

DELROG « RR[

DO THRU- 4
FOR
=1, 3

" DOTHRU 4

COMPUTE aR/2R;, aR/aRO, aR/aRO AND aR‘/aRO

DRDRO(I, J) « - E3 *DELROO(I; J} - E4 *'DELRG1(I,.J) + E1 * DELRO2(I, J)
+ E2 * DELRO3(1,.d) + U:* DELRO6(I, J) + F * AI3(I, J)

DRORDO(I, J)'+ - E4 * DELROO(I, J) + E5 * DELROI(I, J) + E2 * DELRO2(I, J)
+ E6 * DELRO3(I, J) + G * AI3(I, J)

DRDDRO(I, J) < E7 * DELROO(I, J) + E8 * DELRO1(I, J) + E3 * DELR02(I, J)
+ E4 * DELRO3(I, J) + U * DELRO4(I, J) + FDOT * AI3(I, J)

DRDDRD(I, J) « E8 * DELROO(I, J) + E9 * DELROT(I, J) + E4 * DELROZ2(I, J)
- E5 * DELRO3(I, J) - U * DELROS(I, J) + GDOT * AI3(I, J)

Page 5 of 6
Figure 1.- Continued
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DO THRU 5
FOR
I=1,3

DO THRU 5
FOR
Jd=1,3

STORE PARTIALS IN T

T(I, J) « DRORO(I, )

T{I, J + 3) « DRDRDO(I, J)

T(I + 3, J) + DRODRO(I, %}
I

T(I + 3, J + 3) + DRDORD(I, &)

RETURN

Page 6 of 6
Figure 1.- Concluded
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(SEE ‘ADDITIONAL INPUT LIST)
INPUT

OUTPUT ; a(t, to)’ tL’ ?XL

f

NSOLM6 + NSOL - NBIAS - 6
TDELTA + 't - t

{

STORE FIRST ‘6 COLUMNS OF @(tL, to)

Tt . t) + olt), t)

/ THMATRX COMPUTE T (t, t,) USING

\
INPUT: £, &, X, X VAN CONIC PARTIAL
: ERIVATIVE
OUTPUT: T(t, t,) VE FUNCTION

!

[T(t, £)1 « [T(t, t)IHT(e, t)1

NSOLM6 -= NUMBER

OF DYNAMIC PARAMETER
(VENT AND DRAG) IN THE
SOLUTION VECTOR

STORE LAST NSOLM6 COLUMNS OF q>(tL, to)
P(tL, to) < ¢(tL, to)

f

OBTAIN 'W' FROM WTAB AT 't'

f

Page 1 of 6

Figure 2.- Flowchart to compute state transition matrix via state transition integrator.
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NO BODY
ATTITUDE KATRIX

OBTAIN VEHICLE ATTITUDE
MATRIX,B

OUTPUT: t;X,BTAB

INPUT: B

THIS PROCEDURE UTILIZES THE SYSTEM
ATTITUDE ARRAY, BTAB (AND ETAB FOR
PTCAMODE) AND THE COMPUTATION MODULE,
BODATT

THE ATTITUDE DATA, BTAB, IS OBTAINED
FOR TIME t. THE INPUTS, (BTAB, X, t)
ARE SUPPLIED TO BODATT, WHICH COMPUTES
THE ATTITUDE MATRIX

B = TRANSFORMATION FROM VEMICLE PODY
COORD. TO M50 AT t

NUNTSL = NUMBER
OF VENTS IN THE
SELECTION VECTOR

VENT OFF

DO THROUSH 3
FOR
Jd =T, NUHTSL

VENT

SET aA/aaVJ

ON

{IOTE:

COMPUTE BODY ATTITUDE MATRIX

[

3A :
3a «]0
Vd 3Ix3

COMPUTE aA/aqu

oA
-
[ 3y }

(GVENT)
]

(8]

Figura 2.- Continued.
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BTA3 AND BODATT
ARE. DEFINED IN REF. 8
(OFT MCC LEVEL B&C
REQUIREMEHTS FOR THE FREE
FLIGHT PREDICTOR)
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DRAG IS PRESENT

SOLAR EPHEMERIS
INBUT: ¢
OUTPUT: ~F(SUN)

OBTAIN SQLAR POSITION
VECTOR, “F(SUN), IN
M50 AT TINE t.

v

T UDENSITY o
INPUT: t, X, F(SUN)
QUTPUT: o,

OBTAIN: ATMOSPHERIC DENSITY, o,
AT THE VEHICLE AT TIME t, FROM
THE: DENSITY- MODULE :

'RNP e

INPUT: &
OUTPUT: [RNP]

'OBTAIN. [RNP] TRANSFORMATION
MATRIX, VALID FOR TIME t, FROM

THE- SYSTEM:

—

DEFINITION:
Ri=

V=

POSITION VECTOR (M50} OF VEYICLE
(FIRST 3 COMPOMNENTS OF X)
VELOCITY VECTOR:. (M50) OF VERICLE

(LAST  3-COMPONENTS: OF X)

Fiayre .- Uontinued.
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COMPUTE B IN M50 w. = EARTH RATE
(RAD/HR)

T [0
W = [RUPT" JO
w

|

COMPUTE RELATIVE VELOCITY VA TH M

E

. THE VALUE OF DRAG IS
(DC—DRAG DETERMINED FROM THE
CONSTANT INTEGRATOR FORCE OPTION
AREA DRAG <0

COMPUTE RELATIVE VELOCITY IN
VEHICLE BODY COORDINATES

- T -
Vg ~L81 ¥y
WHERE Vg = (Vgx» Vpy» Vpz)

!

COMPUTE ATTITUDE DEPENDENT DRAG PARAMETER
o TN (U V.

Bx)
B~—SINT (V. ,/VMAG)
ooc =—[COF(1) + coN(1) Istal ™17 [1 - Ising|]
+oDs(1) |sIng| + coA(1) |siNes SIN]

NOTE: I = 1 INDICATES P/L DOORS CLOSED
I = 2 INDICATES P/L DOORS OPEN

CDF, CDN, N, CDS, CDA ARE VEHICLE
6 DEPENDENT SYSTEM PARAMETERS

Fage 4 of 6

Fiqura 7~ Zoatinued.
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| COMPUTE BALLISTIC COEFF.
BETA—=—COC * g /2H

L

COMPUTE. DRAG ACCELERATION
IN M50 COORDINATES

-

. -
AD-E—— -BETA * p * VMAG * Y4

!

COMPUTE DRAG PARTIALS

[%—14—- Ry * (FEET)

"D

CONSTRUCT THE 6 X NSOLHG MATRIX BY
APPENDING. THE VENT AN DRAG MATRICES
IN SOLUTION VECTOR ORDER BY COLUMNS

0
[ aAt] (3. X H50LM5)
Pl R aamnd
a1,

aavJ Bun

7

COMPUTE P(t, tL) VIA TRAPEZOID RULE
3A

Pt, 1) ~— TR { (e, t,) {“‘L‘} "{

aaL

|

P

NOTE:

THE MATRIX

M1 1s saveD

3a

FROM THE PREVIQUS CALL.
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COMPUTE THE 6X NSOLM6 MATRIX OF
STATE PARTIAL DERIVATIVES W.R.T.
THE DYNAMIC PARAMETERS

P(t’tﬂ)*—T(t'tL)F(tL’tO) + P(t,tL)

%

STORE P(t.to) AS THE LAST NSOLM6
COLUMNS OF ¢(t,to)

a(t,tg) =—P(t, ty)

LAST NSOLM6 COLUMNS

-7 U.S. GOVERNMENT PRINTING OFFICE: 1879—671-014, 27 1g

—1

STORE T(t,ty; AS THE FIRST 6
COLUMNS OF o(t,t,)
o(tatg)=—T(t,t,)

1 FIRST 6 COLUMNS

&

STORE DATA

XL‘-—— X

tLq—_ht
AR
auL aut

RETURN .

Finyre 2.- Concluded.
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